The interaction of NO 2 with BaO/Al 2 O 3 /NiAl(110) model NO x storage materials was investigated at BaO coverages corresponding to practical systems. The results obtained from these model systems show excellent correlation with those of practical systems. We found a specific, strong interaction between BaO and Al 2 O 3 , and this interaction profoundly influences the NO x chemistry. BaO readily forms a Ba-aluminate-like surface phase, and upon the interaction with NO 2 , Ba ions are pulled out from this surface layer to form Ba(NO 3 ) 2 clusters.
Introduction
Modern surface science techniques have been commonly applied to understand issues arising from practical catalytic systems. [1] [2] [3] [4] However, the applicability of most of the results obtained from model systems has been limited due, primarily, to the fact that studies on model and practical systems were carried out under vastly different conditions (catalyst composition, reaction conditions, etc.). 5, 6 Therefore, the need to conduct experiments on compositionally similar systems (model versus practical) is necessary to obtain valuable information on the workings of real catalysts. In our recent study, 7 we have unambiguously proven that nitrite/nitrate ion pairs form in the initial stage of NO 2 uptake on pure BaO, and subsequently (at higher NO 2 exposures), the nitrites were converted to nitrates, in agreement with prior theoretical predictions. 8, 9 In highsurface-area practical catalysts, [10] [11] [12] and in fact in some model systems as well, 5, 6 the initial formation of nitrites were suggested, and the direct formation of nitrates was questioned. The question that we set out to answer in this study was whether these contradicting findings could be explained by the strong interaction between BaO and the alumina support. In the present study, we demonstrate the utility of surface science studies on model catalysts in understanding the properties of high-surfacearea, BaO-based NO x storage-reduction (NSR) catalysts. 12 We also present evidence for the facile formation of surface bariumaluminate-like species even at very low coverages of BaO. This Ba-aluminate layer, however, can react with NO 2 , resulting in the formation of a bulk-like Ba(NO 3 ) 2 phase.
Experimental Section
The experiments were carried out in two different systems, in an ultrahigh vacuum (UHV) chamber 7 for model catalysts and in an in situ reaction system 12 for high-surface-area catalysts. The preparation of the high-surface-area catalysts and the experimental setup and procedures are discussed in detail elsewhere. 12 Briefly, the BaO/γ-Al 2 O 3 samples were prepared by the incipient wetness method with an aqueous Ba(NO 3 ) 2 solution and a 200 m 2 /g alumina. After drying the samples at 395 K, the Ba(NO 3 ) 2 phase was decomposed at 973 K to form the BaO/γ-Al 2 O 3 storage material. The infrared (IR) measurements on the high-surface-area materials were conducted in transmission mode on a Nicolet Magna IR 750 spectrometer, operated at 4 cm -1 resolution. Each spectrum was referenced to a background spectrum obtained on the activated, adsorbatefree sample. The UHV system consisted of a surface analysis chamber equipped with X-ray photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES), low-energy electron diffraction (LEED), low-energy ion scattering spectroscopy (LEISS), quadrupole mass spectroscopy (QMS), and an elevated pressure reactor with an infrared reflection absorption spectroscopy (IRAS) setup. The base pressure in both chambers was less than 2 × 10 -10 Torr. The highly ordered ultrathin alumina films were prepared by the selective oxidation of a NiAl(110) alloy, 13 and then, thicker Al 2 O 3 films were grown by atomic oxygen deposition on the ultrathin alumina film at 540 K using a hot filament in an O 2 atmosphere and subsequent annealing at 1100 K in UHV. The thickness of the Al 2 O 3 film prior to Ba deposition was 29 ( 2 Å (∼12 ML Al 2 O 3 ), estimated by the attenuation of the substrate XPS feature 14 and by the comparison between metallic and ionic Al 2p XPS features 15 using the values of the inelastic mean free paths (IMFP) 16 of photoelectrons (no Ni was observed either on top or in the alumina film by lowenergy ion scattering). Ba deposition was performed using a reactive-layer-assisted deposition 17 (RLAD) method. From a Ba getter (SAES Getters Inc.) source, Ba was evaporated onto multilayers of NO 2 "ice" adsorbed on the thin alumina film in order to minimize direct contact of barium with the alumina films by forming barium nitrate species. The Ba doser was calibrated by AES and XPS. Finally, these model catalysts were annealed at 1000 K in UHV. IRAS spectra were collected in fast-scan mode, allowing the collection of 4096 scans in less * To whom correspondence should be addressed. E-mail: janos.szanyi@pnl.gov. than 5 min. All of the IR spectra collected were referenced to a background spectrum acquired from the clean sample prior to NO 2 adsorption.
Results and Discussion
In order to construct model catalysts that are representative of the practical NO x storage systems, we first needed to estimate the BaO coverages on the high-surface-area catalysts. Since the publication of the work by Fanson et al., 18 BaO loadings of 8-10 wt % on a γ-alumina support (200 m 2 /g) have been regarded as corresponding to one monolayer (ML) coverage, based on the unit cell size of bulk BaO. The coverage equivalent of one ML, however, was significantly underestimated. Assuming complete spreading of the BaO layer and using a Ba-O distance 19 of ∼2.77 Å (one unit of BaO occupies 1.53 × 10 -19 m 2 ), 10 wt % loading of BaO would cover only about onethird of the alumina surface. 12 Fourier transform-infrared (FT-IR) spectroscopy has been the most commonly used tool to characterize NO x species formed on BaO/Al 2 O 3 -based NO x storage materials. 10, 12, 20, 21 Upon the exposure of a high-surface-area γ-Al 2 O 3 to NO 2 , IR absorption features of nitrate species in bridging (1235, 1254, 1591, and 1617 cm -1 , with shoulder at 1646 cm -1 ) and chelating bidentate (1570 and 1300 cm -1 ) configurations were observed ( Figure  S1 , Supporting Information). When BaO was added onto the alumina support in increasing amounts, the alumina-based nitrate features gradually decreased, while Ba-related ionic nitrate features (1300-1320 and 1400-1500 cm -1 ) significantly increased. 10, 12, 20, 21 A series of IRA spectra on Ba-free and Bacontaining alumina model catalysts at nearly saturation coverage of NO 2 (P(NO 2 ) ) 1 × 10 -4 Torr for 30 s at 300 K) are displayed in Figure 1 . The positions of the IRAS features obtained from the model systems are essentially identical to those seen on the high-surface-area catalysts. The IRA spectrum of NO 2 adsorbed on a 12 ML alumina film on NiAl(110) is dominated by features at 1645, 1592, and 1572 cm -1 . The only significant difference between the IR spectra obtained from the model catalyst and the high-surface-area catalyst is the absence of the characteristic nitrite features near 1220-1250 cm -1 on the model catalyst due to the selection rules of surface IR spectroscopy. However, the formation of nitrite species on the model alumina surface at low NO 2 exposures was verified by XPS. A previous UV/vis and IR study also suggested that adsorbed nitrite formed on an alumina surface at low NO 2 pressures, whereas at higher pressures, nitrates were present. 22 As the BaO coverage increased, the intensities of these alumina-based nitrate features were significantly reduced, and two new bands appeared at 1310-1340 and 1400-1500 cm -1 , attributed to the formation of ionic nitrate species. For a 0.15 ML of BaO coverage (corresponding to 4 wt % BaO of highsurface-area catalyst), IRAS showed a large attenuation of the 1645 cm -1 band along with new, small ionic nitrate features at 1490 and 1315 cm -1 at higher NO 2 exposures. These IR data closely resemble those obtained during NO 2 adsorption on bulk BaAl 2 O 4 . Specifically, a control experiment of NO 2 adsorption on a bulk BaAl 2 O 4 revealed the formation of alumina-based nitrate bands at 1250-1350 and 1550-1650 cm -1 at low exposures. However, small Ba-related ionic nitrate features at 1491 and 1310 cm -1 were observed at higher NO 2 exposures ( Figure S2 , Supporting Information). With further deposition of BaO onto the alumina surface, the intensities of ionic nitrate features increased at the expense of the nitrates related to the alumina surface (1550-1650 cm -1 ). The IRAS spectrum obtained from the 3/4 ML BaO/Al 2 O 3 /NiAl(110) closely resembles that of the 20 wt % BaO/γ-Al 2 O 3 . We have also performed XPS experiments primarily to authenticate the presence of nitrite and nitrate species on these surfaces. At low NO 2 exposures, the N 1s XPS spectra obtained from BaO/Al 2 O 3 films showed only a nitrite feature ( Figure S3 ). With increasing NO 2 exposures, the intensity of the nitrite XPS feature gradually decreased, while a peak due to nitrates appeared and continuously increased until, at high NO 2 exposures, only nitrates were present. (No nitrite vibrational feature was seen in the spectral series obtained in this experiment due to the surface selection rules of IRAS, i.e., vibrations with a perpendicular dipole moment to the surface could only be observed.) The behavior of these films (θ BaO < 1 ML) is significantly different from that of a bulk-like BaO film 7 that shows pairwise cooperative adsorption 8 at low NO 2 exposure (i.e., the simultaneous formation of nitrite and nitrate pairs).
Both the IRAS and XPS data strongly indicate the fundamental differences in the NO 2 chemistry of BaO in submonolayer coverages and in bulk form. All of the data suggest that BaO strongly interacts with the alumina support and forms a Ba-aluminate-like layer at θ BaO < 1 ML. This conclusion is also supported by the results of our recent synchrotron time- 23 Upon the exposure of this material to NO 2 at room temperature, nanosized Ba(NO 3 ) 2 crystallites were observed to form, while no change in the bulk BaAl 2 O 4 phase was seen. These observations suggest that NO 2 strongly interacts with Ba ions in the Ba-aluminate surface layers, leading to the removal of Ba ions from the surface via the formation of a nanocrystalline Ba(NO 3 ) 2 phase.
On the basis of the results of these studies, we propose that the adsorbed Ba(NO 3 ) 2 molecules formed upon NO 2 adsorption possess high mobilities since they can agglomerate into small Ba(NO 3 ) 2 crystallites even at room temperature. The specific interaction between BaO and the high-surface-area γ-Al 2 O 3 (i.e., BaO binding to the γ-Al 2 O 3 surface at pentacoordinated Al 3+ sites) was also supported by our recent 27 Al magic-angle spinning nuclear magnetic resonance (MAS NMR) study. 24 The results of high-resolution scanning transmission electron microscopy (HR-STEM) experiments, shown in Figure 2 , also reveal the formation of Ba(NO 3 ) 2 clusters after a 20 wt % BaO/ Al 2 O 3 sample was exposed to NO 2 at room temperature. After the activation of the catalyst, the HR-STEM image (Figure 2A ) resembled that of a BaO-free γ-Al 2 O 3 . Complementary energydispersive spectroscopy (EDS) analysis showed an even distribution of the Ba-containing phase on the alumina support. After this sample was exposed to NO 2 , the HR-STEM image ( Figure  2B ) showed the formation of small, monodispersed Ba(NO 3 ) 2 clusters on the alumina support.
Conclusions
In summary, we prepared a series of model NSR catalysts by RLAD with BaO coverages closely following those of the practical catalysts. The model catalysts demonstrated identical properties upon NO 2 exposure to the corresponding highsurface-area ones. At low BaO coverages (<1 ML), BaO forms a barium-aluminate-like surface phase. Upon exposure of this phase to NO 2 , nitrite species form initially, and then, Ba ions are pulled out from the barium-aluminate-like surface at higher NO 2 exposures, resulting in the formation of ionic barium nitrates. The formation and agglomeration of Ba(NO 3 ) 2 clusters were observed on both the model (IRAS and XPS) and highsurface-area (IR, TR-XRD, and HR-STEM) catalysts. The correlation between the model and real catalysts shown here for NO 2 adsorption and reaction highlights the utility of welldesigned surface science studies aimed at understanding practical catalytic systems. These studies are ultimately leading to a better understanding of the currently hotly debated issues on the nature and role of active NO x species, the mechanism of ionic NO x species formation on NSR catalysts, as well as the importance of the interaction between the storage and support materials. 
